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ABSTRACT: Single-crystal layered perovskite heterostructures provide a scalable platform for potentially realizing emergent prop-
erties recently seen in mechanically stacked monolayers. We report two new layered perovskite heterostructures
M,(PbCL)(AMCHC),(PbCls)-2H,0 (1_M where M = Na*, Li*; AMCHC = *NH3CH,CsH;(COO-) crystallizing in the chiral, polar
space group C2. The heterostructures exhibit alternating layers of a lead-chloride perovskite and an intergrowth comprising corner-
sharing PbCl4(n2-COO), polyhedra with bridging equatorial chlorides and terminal axial oxygen ligands. Small alkali metal cations
and water molecules occupy the cavities between the polyhedra in the intergrowth layer. The heterostructures display wide bandgaps
and two closely spaced excitonic features in their optical spectra and strong second harmonic generation. The calculated band struc-
ture of 1_Na features a Type-I quantum-well structure, where the electron-hole correlation function corresponding to the lowest
excited state points to electron-hole pairs localized within a single inorganic layer (intralayer excitons), as seen in typical layered
halide perovskites. In contrast, calculations show that 1_Li adopts a Type II quantum-well structure, with electrons and holes in the
lowest-excited state residing in different inorganic layers (interlayer excitons). Calculations on model complexes suggest that these
changes in band alignment, between Type-I and Type-II quantum-well structures, are driven by the placement of the alkali metal and
the orientation of the water molecules changing the electrostatic potential-energy profiles of the heterostructures. Thus, this study sets
the stage for accessing different alignments of the perovskite and intergrowth bands in bulk perovskite heterostructures that self-
assemble in solution.

INTRODUCTION A B

Heterostructures comprising peeled and restacked monolay-
ers of 2D van der Waals solids have been shown to host emer-
gent properties such as correlated excitonic states, moiré super-
lattice effects, and exciton condensates.'™ Type-I and Type-II
quantum-well heterostructures are characterized by the relative
positioning of the band extrema of the neighboring heterolay-
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typically relax to the smaller-gap layer (Figure 1A). In contrast, S
when Type-II heterostructures are excited across the bandgaps

of each layer, the electrons and holes undergo ultrafast charge

transfer across the adjacent layers, forming spatially separated Type-l Type-I
excitons across the neighboring layers (Figure 1B).* Such inter-
layer excitons were initially seen in hetero-bilayer flakes of
transition metal dichalcogenides such as MoSe,/WSe, and

MoS,/MoSe,.>¢ Interlayer excitons feature long lifetimes, low
binding energies, and the ability to form high-density exciton

Figure 1. Schematic examples of a A) Type-I and B) Type-II quan-
tum-well electronic structure in a bulk perovskite heterostructure.
Solid red and blue arrows denote the intralayer optical excitations
within the perovskite (green) and intergrowth (yellow) layers, re-

condensates, opening intriguing potential applications in catal- spectively. In (A), the lowest-energy exciton (dashed oval) occurs
ysis, optoelectronics, and quantum information science.*’ within the perovskite layers. In (B), the lowest-energy exciton forms

The ability to tune the electronic structure from Type-I to across perovskite and intergrowth layers via charge transfer of the
Type-II through the application of an electric field or strain, pro- photoexcited electrons and/or holes as denoted by dashed blue and

red arrows, respectively.



vides still greater control over the exciton.®!° Typical fabrica-
tion methods for such hetero-layers involve layer-by-layer ex-
foliation and mechanical deposition, multistep chemical vapor
deposition of one layer at a time, or molecular-beam epitaxy
using specialized instrumentation.>!" Although impressive ad-
vances have been made in controlling these architectures, these
approaches do not readily lead to inexpensive, scalable, and re-
producible syntheses of well-defined interfaces.*!!"'> This mo-
tivates the development of syntheses for multi-layered quan-
tum-well heterostructures through one-pot, assembly reactions.
Furthermore, the reversible reactions that occur in ionic solids
in solution are conducive for forming single crystals, where the
precise 3D atomic coordinates of the interfaces can be resolved
through single-crystal X-ray diffraction.

Halide perovskites are well-known for their relatively low-
temperature and scalable solution-state syntheses.'® The dimen-
sionally reduced 2D halide perovskites, have been studied for
their quantum-well electronic structures since the 1980s,'
yielding both free excitonic'® and self-trapped excitonic'® lumi-
nescence from the inorganic layers.'” Most of the organoammo-
nium molecules used in 2D perovskites lead to a Type-I quan-
tum-well structure,'*'>'%!° where the inorganic layers have
smaller bandgaps than the HOMO-LUMO gap of the organic
molecules. However, there are a few examples of highly conju-
gated dye molecules in the organic layers affording a Type-II
bulk quantum-well structure, with excitation transfer from the
inorganic layers to the discrete molecules in the organic lay-
ers 2023

Our group recently devised a synthetic method for the self-
assembly of heterostructures comprising halide perovskite lay-
ers interleaved with layers of a different inorganic solid (an in-
tergrowth).?* Replacing the organoammonium of typical 2D
halide perovskites with a hetero-bifunctional organoammonium
led to the self-assembly of layered heterostructure crystals
where the ammonium group templates the perovskite layer and

Na,(PbCl,)L,(PbCl,)-2H,0
1_Na

Li,(PbCl,)L,(PbCl,)-2H,0

the second functional group dictates the connectivity of the in-
tergrowth layer.*? The soft perovskite framework can with-
stand significant structural distortions,”® enabling a variety of
non-perovskite structures, which may not exist otherwise, to be
stabilized as intergrowths within the heterostructures. This ap-
proach led to the realization of heterostructures that mostly re-
tained the quantum confinement properties of the parent 2D per-
ovskites. Interestingly, electronic structure calculations of the
heterostructure (Pb,ClL)(CYS),PbCls (CYS = "NH;(CH,),S")
showed a valence band maximum comprising states from the
perovskite and intergrowth layers and a conduction band mini-
mum formed with mostly perovskite states, suggesting the pos-
sibility of accessing interlayer excitons.”* However, the calcu-
lated lowest-energy exciton wavefunction showed predominant
intra-layer character with only slight delocalization between
perovskite and intergrowth layers.

Motivated by this electronic structure, we sought a clearer
spatial separation of the electron and hole between different lay-
ers and the realization of a true Type-II quantum-well electronic
structure in a halide perovskite heterostructure. Such a perov-
skite would open new avenues for realizing the emergent prop-
erties arising from Type-II quantum wells in a highly tunable
bulk material. The choice of the carboxylate group as the sec-
ond functional group was informed by previous work where the
carboxylate group templated molecular clusters within a lay-
ered perovskite?’” as well as non-perovskite lead-halide layered
structures with similar excitonic properties as those seen in 2D
lead-halide perovskites.”®* Herein, we present two new Pb-
based heterostructures with a Pb-Cl perovskite layer and a Pb-
Cl-carboxylate intergrowth, where both the zwitterionic or-
ganoammonium and a small H,O-bound alkali metal cation
(Na', Li") template the polar, chiral heterostructures. We see
strong second harmonic generation from these heterostructures
and describe how the choice of alkali metal cation changes the
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Figure 2. Single-crystal X-ray diffraction (SC-XRD) structures of A) Nay(PbCly)(AMCHC),(PbCly)-2H,O (1_Na), and B)
Lix(PbCL)(AMCHC),(PbCls)- 2H,O (1_Li). The perovskite and intergrowth layer Pb-centered polyhedra are shaded green and yellow,
respectively. In (B), the H,O molecule above the intergrowth layer is eclipsed by the Li cation. The inset in (A) shows the AMCHC ligand
and the inset in (B) shows the conceptual derivation of the intergrowth layer binding motif PbCls(n2-COO), from a PbClg octahedron.
Curved arrows represent the bifurcation of the apical Pb—Cl bonds and straight arrows represent out-of-plane distortions of the bridging
Pb—Cl bonds. Face-on views of the intergrowth layer in C) 1_Na and D) 1_Li with the atoms below the layer denoted by greater transpar-
ency. Atom colors: Pb: teal; Cl: green; Na: cyan, O: red; N: blue; C: grey; Li: pink. Hydrogen and disordered atoms are omitted for clarity.



calculated electronic structure of the material from a Type-I
(Na®) to a Type-II (Li*) bulk quantum-well structure.

RESULTS AND DISCUSSION

1. Synthesis and structure. Mild heating of PbCl, and trans-
(4-aminomethyl)cyclohexanecarboxylic acid (AMCHC) in
concentrated, aqueous NaCl or LiCl yields a colorless solution.
Slow evaporation of the solvent affords transparent plate-like
crystals of My(PbCL)(AMCHC),(PbCls)-2H,O denoted as
1_Na (M =Na") and 1_Li (M = Li") (see the Supporting Infor-
mation). Single-crystal X-ray diffraction (SC-XRD) shows a
layered heterostructure with alternating perovskite [PbX,]*" and
non-perovskite [PbX,(n>-COO),]*" layers (Figure 2A-B; crys-
tallographic data are in Table S3). We refer to these alternating
layers as the perovskite layer (shaded green) and the inter-
growth layer (shaded yellow). Both the heterostructures crystal-
lize in a low-symmetry monoclinic C2 space group belonging
to the polar point group C.. Such space groups are known to
show interesting band structures with Rashba-Dresselhaus split-
ting, second harmonic generation, and chiro-optical properties
due to the absence of bulk inversion symmetry (further dis-
cussed later).3%3!

Elemental analysis (Tables S4-S5) supports the formula ob-
tained from SC-XRD. In analogy to an ammonium group occu-
pying the cavity between the metal-halide octahedra on each
side of the perovskite layer, an HO-bound Na* or Li" cation
occupies the cavity between the corner-sharing polyhedra on
each side of the intergrowth layers (Figure 2C). Powder X-ray
diffraction (PXRD) confirms the phase purity of both hetero-
structures (Figure S2). Infrared spectroscopy (Figure S3) shows
reduced spacing between the peaks corresponding to the sym-
metric and asymmetric carboxylate stretching modes in the het-
erostructure compared to those of the free zwitterionic ligand, a
signature of bidentate binding of the carboxylate group to the
metal ion.* In addition, we observe peaks corresponding to the
O-H stretch and H-O—H bend of H,O in both the heterostruc-
tures (absent in the spectrum of the ligand), assigned to the crys-
tallographic water molecules (Figure S3). Thermogravimetric
analysis (Figure S4) shows a mass loss step of 36.8 g/mol
(3.6%) and 35.6 g/mol (3.5%) at ca. 100 °C for 1_Na and 1_Li,
respectively, reflecting the loss of two water molecules per for-
mula unit (calculated: 3.5% and 3.6% based on formula weights
of 1023.55 and 991.46 g/mol for 1_Na and 1_Li, respectively).
Pulverizing crystals of 1_Li in ambient air led to a large broad
peak in the O—H stretching region of the IR spectrum due to
surface adsorbed water, although PXRD data showed no struc-
tural changes or loss of crystallinity even after a day of air ex-
posure (Figure S6). Specific heat capacity data (Figure S5) do
not show any sharp peaks from 4 - 250 K, indicating the absence
of phase transitions in this temperature range.

The intergrowth layer can be described as corner-sharing 8-
coordinate PbCly(n2-COQO), polyhedra, which can be derived
from a regular PbCls octahedron by bifurcating the apical Pb—
ClI bonds into two bonds with the bidentate carboxylate group
as schematically depicted in the inset of Figure 2B. The O-C—
O plane of the carboxylate groups at the top and bottom of each
layer are mutually orthogonal. The local coordination environ-
ment of Li" and Na* can be described as a distorted trigonal pyr-
amid with three O atoms in the basal plane and one Cl at the
apex (Figure S7). Notably, the Pb—Cl connectivity within the
layers of the intergrowth is like that of a perovskite.

As shown in the inset of Figure 2B, the Pb—Cl bonds parallel
to the O—C—O plane are pushed out of the Pb plane, leading to
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Figure 3. Normalized absorption (abs.) spectra (solid lines) con-
verted from diffuse reflectance using the Kubelka-Munk transfor-
mation and photoluminescence (PL) spectra (dashed lines) of pow-
ders of the 2D perovskite (AMC),PbCls (blue), 1_Na (red), and
1_Li (green) at room temperature.

significant out-of-plane distortions in the intergrowth layer. We
calculated the octahedral distortion parameters (D, Dout) to
quantitatively compare the distortions in both the structures us-
ing a previously reported procedure.”® Briefly, D, and Dy re-
fer to the deviation of the Pb—(u-Cl)-Pb bond angle from line-
arity, D;, = 180° —6;, and D, = 180° — 6,, where 6;,,
0, are the in- and out-of-plane projections of the bond angle.
The plane is defined by three non-colinear Pb atoms within the
inorganic layers. To check whether the distortions in the perov-
skite layers are inherent to the parent 2D perovskite or appear
only in the heterostructure, we synthesized the 2D perovskite
(AMC),PbCls (AMC ="NH3CH,CgH;1) whose bromide analog
was previously reported.** The ligand AMC is structurally sim-
ilar to AMCHC except for the replacement of the COO~ group
with a hydrogen (SC-XRD structure and PXRD data are shown
in Figure S8). The perovskite layers in both the heterostructures
show similar octahedral distortions as those in the 2D perov-
skite (AMC),PbCly (Table S6), indicating that the heterostruc-
ture did not induce significant distortions in the perovskite lay-
ers. On the other hand, the intergrowth layer in 1_Na has sig-
nificantly higher in-plane as well as out-of-plane distortions as
compared to the intergrowth of 1_Li. These distortion parame-
ters suggest that any changes in band dispersion between the
heterostructures should arise from the intergrowth layers.

2. Optical properties. Diffuse reflectance spectra of powders
of 1_Li, 1_Na, and (AMC),PbCls show a high-energy absorp-
tion onset, just above 3.5 eV, consistent with the excitonic ab-
sorption onset of reported 2D Pb-Cl perovskites (Figure 3).%
However, in contrast to the 2D perovskites, an additional exci-
tonic peak is apparent in the spectra of 1_Li and 1_Na. Notably,
even our previously reported Pb-based heterostructures,
(PbBr,),(AMTP),PbBrs (AMTP = 4-ammoniomethyl-tetrahy-
dropyran) and (Pb,Cl,)(CYS),PbCls), displayed only one exci-
tonic peak below the bandgap onset?* In the case of
(PbBr,),(AMTP),PbBr4, which most resembles the structure of
1_Na and 1_Li with Pb-Br perovskite and Pb-Br intergrowth
layers well-separated by an organic layer, a second excitonic
peak was evident in both experimental and calculated spectra,
but at energies higher than the heterostructure bandgap.

Based on the calculated band structures of 1_Na and 1_Li
(section 3), we attribute the two closely spaced excitonic peaks
to intralayer optical transitions within the perovskite and inter-
growth layers. Unlike in our other reported heterostructures, the
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Figure 4. A) DFT-PBE band structure (left) and projected density of states (pDOS; right) for 1_Na. B) DFT-PBE band structure (left)
and pDOS (right) for 1_Li. Blue and orange bands correspond to the electronic states from the perovskite and intergrowth layers, respec-
tively. Color scheme for the pDOS: Pb p: blue; Pb s: gray; CI: orange; O: red; Li/Na: green.

two excitonic peaks have relatively close energies, thereby giv-
ing rise to the double-peak feature in the optical absorption
spectra. This band structure likely arises from both the perov-
skite and intergrowth layers having “perovskite-like” intralayer
connectivity (i.e., a corner-sharing Pb-Cl square-net as shown
in Figure 2C-D).

Powders of 1_Li, 1_Na, and (AMC),PbCly all show broad-
band yellow-orange emission, as seen in other 2D Pb—Cl perov-
skites® and layered Pb—CI hybrids.**** The photoluminescence
(PL) spectra are highly Stokes shifted (~ 1.6 — 1.8 eV) and broad
with 1_Na showing the highest Stokes shift of the three. Similar
broad, Stokes shifted emission in 2D Pb—Cl and Pb—Br perov-
skites is attributed to exciton self-trapping.’**” We do not ob-
serve any PL intensity from sub-gap excitation for both 1_Na
and 1_Li (Figure S9). Photoluminescence excitation (PLE)
spectra qualitatively match the absorption spectra of the heter-
ostructures and show no sub-gap features when probed at dif-
ferent regions of the broad emission (Figure S10). Cryogenic
PL spectra for 1_Na and 1_Li, down to 78 K (Figure S11) show
an increase in PL intensity and a narrowing peak width upon
lowering the temperature (Figures S12-S13). PL decay curves
at 77 K (Figure S14B and Table S9) show similar ps lifetimes
for both 1_Na and 1_Li at a 560 nm emission wavelength.
These combined data are consistent with exciton self-trap-
ping.***” Similar to other Pb—Cl 2D perovskites, we do not see
PL from free excitons down to 78 K, suggesting a low-energy
barrier for self-trapping.> We have previously shown the low
barrier to self-trapping to be a common feature among all lay-
ered Pb-Cl 2D perovskites* and the Pb—Cl heterostructures ap-
pear to follow this trend. The CIE coordinates at 78 K (Figure
S14A) depict a yellow-orange color of the broadband emission
with 1_Na being slightly redder than the emission in 1_Li.

3. Band structure calculations. We calculated the band struc-
tures of 1_Na and 1_Li using density functional theory in the

Perdew, Burke, Erznhof parametrization (DFT-PBE),** in-
cluding spin-orbit coupling along the path D, (0.5, 0.5, 0.5)- A
(0, 0, 0.5) — I'(0, 0, 0) — L, (0, 0.5, 0.5) in reciprocal lattice
units,* using atomic coordinates from the SC-XRD structures
without relaxation (see the Supporting Information). Both het-
erostructures show a slightly indirect bandgap as shown in Fig-
ure 4, a consequence of the Rashba-Dresselhaus splitting.® This
effect is expected given the absence of bulk inversion symmetry
and is common among polar space groups such as C2.%°

The electronic structures of 1_Na and 1_Li show separate
manifolds of bands, derived from the perovskite and inter-
growth layers, with roughly similar dispersion patterns as ex-
pected from their similar intra-layer Pb-Cl connectivity (Figure
4). In stark contrast with expectations from experimental optical
absorption spectra, the electronic bandgaps calculated within
DFT/PBE and the GW approximation**? (see Supporting Infor-
mation) for these two heterostructures differ by ca. 700-800
meV (the experimental absorption onset difference is ca. 50
meV; Table S10). Furthermore, 1_Na shows a Type-I quantum-
well band alignment, with the conduction band minimum
(CBM) and valence band maximum (VBM) comprising elec-
tronic states from the perovskite layers. In contrast, 1_Li shows
a Type-1I quantum-well band alignment with the VBM exclu-
sively formed by electronic states from the intergrowth layer
and states from the perovskite layer forming the CBM. The pro-
jected density of states (pDOS) for 1_Na shows similar band-
edge composition as for other layered lead-halide perovskites.
In contrast, in 1_Li, the VBM has contributions from O 2p, Pb
6s, and Cl 2p states from the intergrowth layer, whereas the
CBM comprises mostly Pb 6p orbitals from the perovskite
layer.

Since the Pb—ClI frameworks of 1_Na and 1_Li are relatively
similar, and since the Li" and Na* cations do not contribute to
electronic states at the band edges, this shift from a Type-I to
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Figure S. A) Band structures of 1_Na (left) and of a model struc-
ture where the Na* is replaced with Li" (Li@1_Na; right). B)
Band structures of 1_Li (left) and of a model structure where the
Li* replaced with Na" (Na@1_Li; right).

Type-1I quantum-well band alignment is surprising. We inves-
tigated this shift by calculating the profile of the electrostatic
potential, originating from the ions and electronic charge den-
sity, Vyare + Vy, respectively, along the layer stacking direc-
tion (see the Supporting Information). The potential-energy
profiles of the perovskite layers are very similar, though those
of the intergrowth layers show clear differences (Figure S15),
suggesting that the band-alignment difference between 1_Na
and 1_Li is driven by the intergrowth layers.

To investigate the origin of this effect, we calculated the band
structures and potential-energy profiles of a series of model
structures. We first replaced Na* with Li* in the structure of
1_Na (Li@1_Na) and found that the band structure (Figure 5A)
and potential-energy profile (Figure S16) do not significantly
change. Likewise, replacing Li* with Na® in the structure of
1_Li (Na@]1_Li) does not significantly perturb the band struc-
ture (Figure 5B) or the potential-energy profile (Figure S15),
indicating that the identity of the alkali metal alone does not
change the band alignment.

The Na" and Li" cations occupy different positions relative to
the intergrowth layer (Figure 2C-D). To test if the placement of
the alkali cations in 1_Na and 1_Li affects band alignment, we
then calculated the band structures of a series of model com-
plexes where the Na’, in the structure of 1_Na, is gradually

moved along a linear path to the approximate position occupied
by Li", in the intergrowth of 1_Li (a total displacement of 1.8
A), while keeping the rest of the framework fixed to that 1_Na.
Indeed, as the Na* is displaced, we see the highest-filled and
lowest-empty intergrowth-derived bands destabilize and the
Type-1 quantum-well structure of 1_Na slowly convert to a
Type-1I quantum-well structure (Figure 6). The average poten-
tial-energy profile of the intergrowth layers of 1_Na also grad-
uvally shifts as a function of Na* displacement (Figure S17a).
Indeed, the calculated band offsets (energy differences between
the valence-band maxima or conduction-band minima of the in-
tergrowth-derived bands and perovskite-derived bands) for this
series of structures show a nearly linear correlation with the vol-
ume-averaged potential energy of the intergrowth layer as a
function of Na® displacement (Figure S17b). Since Na' sits
deeper within the intergrowth layer as compared to Li*, the elec-
trostatic attraction between the positively charged alkali metal
and negatively charged intergrowth layer may stabilize the in-
tergrowth-derived bands in 1_Na relative to those in 1_Li. We
thus propose that the position of the alkali metal cation relative
to the intergrowth layer causes a large change in the electro-
static potential energy of the intergrowth layer, driving the
change in the relative alignment of the intergrowth and perov-
skite bands, with the structural differences between the inter-
growth frameworks (also likely templated by the alkali metals,
Table S6) modulating band dispersion.

We then checked whether geometry optimization affected the
computed band alignments of 1_Na and 1_Li (see Supporting
Information for details). Performing unconstrained relaxation
of the atomic positions and lattice parameters, including van der
Waals interactions,*! resulted in structures with unit-cell param-
eters similar to those from experiment (Table S11). Geometry
optimization did not lead to large structural changes for 1_Na,
and the band alignment remained as Type I, with larger band
offsets compared to those computed for the experimental struc-
ture (Figure S18). For 1_Li, the Type-II band alignment is
maintained upon structural relaxation, although the valence-
band offset was reduced to 0.15 eV (compared to the 0.88 eV
offset in the unrelaxed structure; Figure S18). This change
could be traced to a reorientation of the H,O molecules upon
relaxation. In the SC-XRD structures of 1_Li and 1_Na, the H
atoms in the H,O molecules could not be located from the elec-
tron density difference maps and they were inserted in idealized
positions and refined, resulting in H,O molecules that appear to
H-bond with the carboxylate oxygen atoms. Upon structural re-
laxation of 1_Li, these H,O molecules rotate to positions con-
sistent with H-bonding with the chlorides of the intergrowth
layer (Figure S20), with the angle between the plane of the H,O
molecule and the crystallographic (002) plane (which runs par-
allel to the inorganic layers) increasing from 10° to 47°. Note
that if the structural relaxation was performed without including
van der Waals interactions, the band alignment for 1_Li
changed to Type-I (with a small valence-band offset of 0.08 eV)
whereas the alignment for 1_Na remained Type-I (Figure S19).
Given the sensitivity of the electronic structure to the orienta-
tion (dipole) of the H,O molecules (Figure S21), we performed
all subsequent calculations using the experimental crystal struc-
tures.

We computed the linear optical absorption spectra within the
Bethe-Salpeter Equation framework, (see the Supporting Infor-
mation).** The calculated absorption spectra for 1_Na and
1_Li (Figure 7 and Figure S22) offer an explanation for the dis-
crepancy between calculated electronic bandgaps and measured
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Figure 6. Band structures of 1_Na (left) and of model structures where the Na*is gradually displaced towards the position occupied by Li*
in the structure of 1_Li showing the intergrowth-derived bands (orange) destabilize and the band structure shift from a Type-I to a Type-II
quantum-well structure. The perovskite and intergrowth layer frameworks are kept fixed to those of 1_Na.

optical absorption onsets. We find that both calculated spectra
exhibit two bright excitonic peaks at the onset of optical absorp-
tion with similar energies (Figure S22). The calculated energies
corresponding to these resonant peaks are underestimated with
respect to experiment by approximately 0.7 eV (for both 1_Li
and 1_Na). This is a result of a systematic underestimation of
the quasiparticle bandgap, which has been observed more gen-
erally in Gyl calculations with a DFT-PBE starting point for
halide perovskites and other semiconductors and has been well-
documented in recent literature.*s*

Despite these systematic errors, we observe good agreement
between measured and calculated optical spectra for the two
main peaks at the onset of absorption. First, the calculated opti-
cal absorption onsets of 1_Li and 1_Na have similar energies
as seen from the unscaled spectra in Figure S22 (within 50 meV
from each other, in good agreement with the 50 meV difference
observed in the experiment, Table S10). Second, the separation
between the two excitonic peaks in the experimental spectra is
250 meV and 320 meV for 1_Li and 1_Na, respectively, and
that for the calculated spectra is 238 meV and 586 meV, respec-
tively. One possible source for the slight discrepancy between
these measured and calculated energy differences can be nu-
merical convergence. As discussed in the Supporting Infor-
mation, we estimate that the computational setup we have cho-
sen achieves convergence of the excited-state energies within
approximately 100 meV (Figure S1). Finally, in the case of
1_Li, our calculations reveal several optical transitions with en-
ergies up to 0.5 eV below the main exciton peaks, and with low
oscillator strengths (Figure S22). The presence of these dark ex-
citons explains why the experimental optical absorption onsets,
which only reflect the bright excitons, are similar for 1_Li and
1_Na despite the much larger difference between their calcu-
lated electronic bandgaps (Figure 4A-B).

4. Calculations of interlayer and intralayer excitons. In anal-
ogy to van der Waals stacks in 2D materials, we hypothesize
that the Type-II quantum-well band structure in 1_Li can facil-
itate the formation of low-energy interlayer excitons; this hy-
pothesis is consistent with the prediction of several dark excited
states with energies below the optical absorption onset of 1_Li.

To probe this, we calculated the electron-hole correlation func-
tion (ECF) using the approach introduced by Sharifzadeh et
al.,>* and previously applied to layered perovskites by Chen and
Filip.>! The ECF corresponds to the probability that the electron
and hole are separated by a relative position vector r. Figure 8A
depicts the normalized planar-averaged 1D ECF (integrated
along the two in-plane directions) showing the projected elec-
tron-hole distance perpendicular to the layers for the lowest-en-
ergy excited states of 1_Na (bright state) and 1_Li (dark state),
along with the lowest-energy bright state of 1_Li; the detailed
calculation is in the Supporting Information. Figure 8A shows
that the highest-probability electron-hole distance perpendicu-
lar to the inorganic sheets in 1_Li is similar to the separation
between the perovskite and intergrowth layers. This indicates
that the lowest-energy excited state in 1_Li is an interlayer ex-
citon. The average electron-hole distance along the direction
perpendicular to the inorganic sheets (r,,), = 14.9 A for 1_Li,
slightly larger than the separation between the perovskite and
intergrowth layers (11.8 A). On the other hand, {(r,;,), =3.2 A
for the lowest-energy excited state of 1_Na, which is similar to
the thickness of the perovskite layer (~5.6 A), indicating an in-
tralayer exciton. Figure 8B-C illustrates the delocalization of a
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Figure 7. Calculated absorption spectra with (solid grey) and
without (dashed grey) electron-hole interactions overlayed with
the experimental diffuse reflectance spectra (red) for A) 1_Li
and B) 1_Na. Both the calculated spectra were arbitrarily scaled
along the y-axis and blue-shifted by 0.7 eV to overlay with the
experimental spectra.
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Figure 8. A) Normalized planar-averaged 1D electron-hole correlation function (ECF) as a function of the electron-hole distance in the
direction perpendicular to the layers for the lowest-energy excited state of 1_Na (red) and 1_Li (green), along with the lowest-energy bright
state of 1_Li (dashed blue). Isosurfaces representing the spatial distribution of the photoexcited electron in the lowest-energy excited state
in B) 1_Na showing an intralayer exciton (hole fixed at center of the perovskite layer), and C) 1_Li showing an interlayer exciton (hole
fixed at the center of the intergrowth layer). The weighted average electron-hole separation perpendicular to the layers, (1), (shown at the
right) is significantly higher for 1_Li compared to that of 1_Na, and larger than the distance between the perovskite and intergrowth layers.
Pb and Cl atoms are represented by gray and green spheres, respectively. The carboxylate group is denoted by red sticks; the rest of the
ligands, water molecules, and alkali metal cations are omitted for clarity.

photoexcited electron corresponding to these lowest-energy ex-
citon states in 1_Na and 1_Li, when the associated hole is lo-
calized to a specific position in the perovskite or intergrowth
layer, respectively, (the extended isosurface for 1_Li is shown
in Figure S23 a). Out-of-plane exciton delocalization was also
recently predicted in 2D Pb—I perovskites with Type-I quantum-
well electronic structures, with interlayer spacing of ~10.5 A.%!
Although, in that case, the highest-probability exciton still re-
mained within the same layer, with a decaying probability
across layers. The notable difference with 1_Li is that the cor-
related electron-hole pair, corresponding to the lowest-energy
excited state, is delocalized completely across neighboring lay-
ers (electrons in the perovskite layer and holes in the inter-
growth), fully consistent with a Type-II quantum-well structure.

The lowest-energy exciton in 1_Na, lying 0.932 eV below
the quasiparticle bandgap, is intralayer, and optically bright
(Figure S22). In contrast, the lowest-energy exciton in 1_Li,
which lies 0.380 eV below the quasiparticle bandgap, is inter-
layer, with an oscillator strength at least three orders of magni-
tude lower than those of the other states visible in the optical
spectrum. The lowest-energy bright excited state in 1_Li (cor-
responding to the first resonant peak of the optical absorption
spectrum) is an intralayer exciton with the electron-hole pair lo-
calized within a single layer (Figure 8A, dashed blue line) with
(Ten)1 = 3.0 A (the isosurface is shown in Figure S23 b). This
bright state in 1_Li lies 0.355 eV higher in energy than the low-
est-energy dark exciton as shown in Figure S22 (0.025 eV be-
low the quasiparticle bandgap). Interlayer excitons typically
have very low oscillator strengths due to reduced wavefunction
overlap between the electron and hole, and are usually probed
using ultrafast transient absorption or PL under external stim-
uli.’ However, in this case, fast self-trapping appears to domi-
nate the excited-state dynamics, making it difficult to optically
probe the presumably slower formation of the predicted inter-
layer excitons in 1_Li. Fluctuations of the dipole moment of the
water molecule at room temperature may also change the band
offsets from those calculated at 0 K. Future investigations using

ultrafast pump-probe experiments could shed more light on the
unusual excited-state of 1_Li.

5. Non-linear optics (NLO). The wide bandgap and chiral po-
lar space group of 1_Li and 1_Na motivated us to test the het-
erostructures for second harmonic generation (SHG).*> SHG
experiments were performed on single crystals using ultrafast
pulses at 1030 nm, whose second harmonic (515 nm) is well
below the absorption onsets for both the heterostructures (~350
nm). We recorded the intensity of the reflected second-har-
monic radiation polarized parallel to the pump polarization as a
function of the pump polarization. The power dependence of
the maximum SHG signal for both the heterostructures is shown
in Figure 9 along with comparison against crystalline quartz as
areference.’>>* We obtain quadratic power dependence for both
the heterostructures and the quartz reference, consistent with a
second-order optical process (a detailed list of fit parameters is
shown in Table S13). In addition, both 1_Na and 1_Li show
orders of magnitude higher SHG intensities when compared to
the response from quartz under the same excitation conditions
(~10° times at 10 mW average power). The effective second-
order susceptibility coefficient, d.¢¢, provides a quantitative
comparison metric across samples. We evaluated d. ¢, for both
the heterostructures using a relative method described previ-
ously.” Using the reported d,. s, value for quartz,’® we estimate
the dsr for 1_Na to be 11.2 pm/V and the d.ff of 1_Li to be
14.9 pm/V, which are ~37 and ~50 times that of quartz, respec-
tively, at 10 mW average power. Although we do not take phase
matching into account, these values represent lower-bound es-
timates based on the measured intensities (details are in the Sup-
porting Information). The obtained d,;; lower bounds are sig-
nificantly higher than d. ¢ values previously reported for lead-
halide perovskites, e.g., (phenylmethylammonium),PbCl, (1.4
pm/V)*’ (cyclohexylammonium),PbBr; (1.2 pm/V),* and com-
parable to that of AgGaS; (reported 11-13 pm/V at similar fun-
damental frequency), a commercially used NLO material.*
Thus, our initial investigations indicate the presence of strong
SHG in both the chiral non-centrosymmetric heterostructures.
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Figure 9. Second harmonic generation (SHG) as a function of in-
cident power for 1_Li (green diamonds) and 1_Na (orange circles).
SHG of crystalline quartz (blue triangles) under the same experi-
mental conditions is shown for comparison. Solid lines are fits to
y = ax?, 1, = 1030 nm. Fitting parameters are given in Table
S13.

Notably, both 1_Na and 1_Li crystallize in a chiral space
group without the presence of a chiral organic molecule or hel-
ical symmetry, which is rare among hybrid lead-halides™*%60-62
with the few exceptions containing large aromatic ligands
or halogen substituted ligands.*>% We attribute the chiral polar
structure and the strong SHG arising from it to the low-sym-
metry structure of the intergrowth layer, which has so far only
been isolated within the layered perovskite heterostructure.

22,63,64

We performed polarization dependent SHG for multiple
spots across 3—4 different crystals, which showed a surprising
spot-dependent response with either 2-, 4- or 6-lobe patterns
(Figure S24). All the polarization patterns show 2-fold sym-
metry. We attribute this behavior to the presence of stacking
faults or inherent polarization dependence within the crystals as
seen from optical microscope images with a polarizer (Figure
S25).57 The polarization response could also be complicated by
the presence of ferroelectricity due to the polar space group.®®
Nevertheless, the polarization dependence hints that SHG can
be a powerful technique to map crystal domains or local strain
within these heterostructures.®’

CONCLUSIONS

We report two new layered perovskite heterostructures with
bidentate carboxylate bound PbCly(n2-COO), polyhedra in the
intergrowth layer. An H,O-bound small alkali metal cation
(Na', Li*) occupies the cavity between the corner-sharing poly-
hedra in the intergrowth layers. The chiral, non-centrosymmet-
ric, heterostructures exhibit strong SHG, where local domain
mapping with microscopic SHG polarization can be explored in
the future.

The calculated band structures of 1_Na and 1_Li feature
manifolds of perovskite-based and intergrowth-based bands
with similar dispersion patterns, likely due to the “perovskite-
like” Pb—Cl connectivity within both layers. This unique band
structure gives rise to two excitonic bands below the hetero-
structure bandgap, seen in both experimental and calculated
spectra and attributed to intra-layer excitations.

Despite the similar band dispersion patterns in 1_Na and
1_Li, the alkali metal cation appears to have a drastic effect on
the relative alignment between perovskite-derived and inter-
growth-derived bands. The calculated band structure of 1_Li
shows a Type-II bulk quantum-well structure in contrast to the
Type-I bulk quantum-well structure in 1_Na. Calculations on a
series of model complexes indicate that the position of the alkali
metal, and not its identity, effects this transformation in band
alignment by changing the electrostatic potential-energy profile
of the intergrowth layers. We further find that the band align-
ment is highly sensitive to the dipole moment of the H,O mol-
ecules, fully consistent with the electrostatic arguments above.
Notably, the prediction that small alkali cations and polar mol-
ecules can modulate the relative alignment of the perovskite and
intergrowth bands may offer a powerful new synthetic handle
for tuning the quantum-well structure of these self-assembling
heterostructures.

First-principles calculations of optical excitations for the ex-
perimental structure of 1_Li predict that the lowest-energy ex-
citon in the Type-II heterostructure corresponds to an electron-
hole pair completely delocalized across neighboring inorganic
layers (an interlayer exciton), unlike in previously reported 2D
perovskites where the highest-probability electron-hole separa-
tion is intralayer.**' In contrast to prior examples of Type-II
bulk quantum-well structures in 2D halide perovskites with ex-
citation transfer to conjugated organic molecules,”®?' here the
calculated electron and hole wavefunctions are delocalized be-
tween different inorganic layers with extended electronic bands.
Further work is needed to fully understand the novel and com-
plex excited-state energy landscape in 1_Li, where like in lay-
ered Pb—Cl perovskites,* self-trapping appears to dominate the
excited-state dynamics. However, our detailed study of how the
placement of alkali cations and polar molecules can change the
band alignment in 1_Li and 1_Na sets the foundation for ac-
cessing interlayer excitons and other emergent phenomena in
self-assembled bulk materials, where chemical tunability and
specificity can provide new ways to control the interlayer inter-
actions.
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